Inter-individual differences in sleep spindles are highly correlated with "Reasoning" abilities 1 (problem solving skills; i.e., the ability to employ logic, identify complex patterns), but not Short 2 Term Memory or Verbal abilities. Simultaneous electroencephalography and functional 3 magnetic resonance imaging (EEG-fMRI) have revealed brain activations time-locked to 4 spindles (e.g., thalamic, paralimbic, and motor cortical areas)-yet the functional significance of 5 inter-individual differences in spindle-related brain activation remains to be investigated. Using 6 EEG-fMRI during sleep, we identified, for the first time, the neural activation patterns time-7 locked to spindles that are correlated with cognitive abilities. Similar to previous studies, 8 activations time-locked to spindles were observed in thalamocortical circuitry and basal ganglia 9 regions. Importantly, spindle-related activation in a subset of these regions were specifically 10 related to inter-individual differences in Reasoning, but not STM or Verbal abilities. These 11 results may help elucidate the physiological mechanisms which support the function of sleep 12 for the capacity for reasoning.
INTRODUCTION
. The unique relationship (i.e., semipartial correlation, r (29) = 0.401, p = 0.038) between 160
Reasoning ability, over-and-above STM and Verbal abilities with spindle amplitude during NREM2. 161 162 Activation of brain regions time-locked to spindles during NREM sleep 163 As shown in Figure 2A , activations time-locked to all spindles (11) (12) (13) (14) (15) (16) at Cz during 164 NREM sleep, were observed in the thalamus/midbrain, the bilateral striatum (putamen/globus 165 pallidum and caudate), the medial frontal cortex, cerebellum, and the brain stem (cluster-level 166 FWE corrected p < 0.05, Table 4 ). These results were statistically robust, as it is worth noting 167 that even when a conservative whole-brain voxel-wise FWE statistical threshold correction (p 168 < 0.05) was used, activations remained statistically significant in the thalamus/midbrain, the 169 brainstem, the cerebellum, and the right putamen. Correlation between cognitive abilities and brain activations time-locked to spindles 184 To examine the neural correlates of the relationship between sleep spindles and cognitive 185 abilities, we conducted whole-brain spatial correlation analyses between brain activation maps 186 time-locked to all spindles at Cz and the scores on the three cognitive factors (Reasoning, STM, 187 and Verbal abilities) assessed by the Cambridge Brain Sciences tests. As shown in Figure 2B , 188 Reasoning ability was significantly correlated with spindle-related activation maps in the 189 thalamus, bilateral putamen, brainstem/pons anterior cingulate cortex, the middle cingulate 190 cortex, the paracentral lobe, the posterior cingulate cortex, the precuneus, and bilateral 191 temporal lobe (see Table 5 ). spindles. The same whole-brain spatial correlation analyses were conducted for fast spindle 207 and slow spindle activation maps, however, we did not observe significant correlations between 208 any cognitive ability and the activation maps for each individual spindle type.
209
From Figure 2 , we can see that there were several overlapping regions between the 210 spindle activation maps (Figure 2A ) and the maps that show activations time-locked to spindles 211 that were correlated with Reasoning abilities (Figure 2B) . The conjunction (at p < 0.001 using 212 the conjunction null) between the spindle activation maps and the Reasoning-related spindle 213 correlation maps (Figure 2C) , show several regions were consistently high and jointly activated 214 in both the spindle and Reasoning-spindle correlation maps, including the thalamus, medial 215 frontal cortex, bilateral putamen, and the cerebellum ( Table 6) .
216 Table 6 . Conjunction between the spindle-related activation maps and the spindle-related activations correlated with reasoning abilities maps. (see Figure 2C ) Previous EEG studies have identified sleep spindles as a biological marker of cognitive abilities, 233 and in particular, reasoning abilities (Bódizs et al., 2005; Fang et al., 2017; Fogel et al., 2007; 234 Fogel & Smith, 2011; Schabus et al., 2006; Ujma et al., 2014 Ujma et al., , 2015 . Only a few EEG-fMRI Carrier et al., 2001; Fogel et al., 2014; Fogel et al., 2017) , by our group using the same cognitive tests as the current study (Fang et al., 2017) found 410 robust associations between spindles and cognitive abilities in a sample size of N=24, replicating previous findings in smaller samples (e.g., N<12: Fogel et al., 2007; Fogel & Smith, 412 2006 pass filter with a cut-off period of 128 seconds. Serial correlations in the fMRI signal were 541 estimated using an autoregressive (order 1) plus white noise model and a restricted maximum 542 likelihood (ReML) algorithm. These analyses generated statistical parametric t maps [(SPM(T)].
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The resulting contrast images were then smoothed (FWHM 6 mm Gaussian Kernel) and 544 entered into a second-level analysis.
545
The resulting group-level analysis consisted of one sample t-tests for each contrast of 546 interest (i.e., all spindle events, fast spindle events, and slow spindle events). To investigate 547 the relationship between the magnitude of the spindle-dependent activation and the cognitive 548 abilities assessed by the CBS Trials, cognitive test scores for each subtest (i.e., Reasoning,
549
Verbal, and Short Term Memory) were entered as covariates of interest in the described GLM. Gong, Q. Y., Sluming, V., Mayes, A., Keller, S., Barrick, T., Cezayirli, E., & Roberts, N.
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at Pz (A) and slow spindles (11-13.5 Hz) at Fz (B) were similar in all brain areas, but visibly to a greater extent in 937 fast spindles (with the exception of medial frontal activation in slow but not fast spindles). However, there were no 938 significant difference between fast spindles vs. slow spindle-related activations. 
